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013.02.0Abstract Passive inter-modulation (PIM) is a form of nonlinear distortion caused by the inherent
nonlinearities of the passive devices and components in RF/microwave system. It will degenerate
the performance of communication system with broad-band channel and high-sensitivity receiver.
Therefore, it is necessary to construct a model to simulate this process in order to predict the level of
PIM. This paper is aimed at constructing some plate models with one-dimensional and two-dimen-
sional contact nonlinearity sections illuminated by two-tone waves, and calculating the scattered
ﬁeld at a ﬁxed-point in space using time-domain physical optics method. By taking fast Fourier
transform (FFT), we get the spectrum of the scattered ﬁeld and then analyze the generated PIM
products. At the end of this paper, some numerical examples are presented to show the inﬂuence
rules of the relative factors on PIM. The results indicate the variation of the level of PIM with
the number of the nonlinear regions, the nonlinear spacing, and the incident power levels.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
Passive inter-modulation (PIM) is a form of nonlinear distor-
tion caused by the inherent nonlinearities of the passive com-
ponents in RF/microwave system. These passive components
with faint nonlinearity characteristic cause weak inter-modula-
tion distortion usually ignored in wireless communication sys-
tems. However, with the development of high-power RF/
microwave system such as satellite communication system,
ship-board radar system and deep space network, PIM has88202470.
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25become an unnegligible problem. Recently, some progresses
have been made in the studies of PIM generated on printed cir-
cuited board.1–3 When the generated PIM products (PIMPs)
fall into the receiving bands of the devices, PIM distortions will
occur. If PIMPs with higher level fall into the receiving band,
they may damage satellite receiver or make it oscillate and lead
to communication failure if no necessary measures are ta-
ken.4,5 Tx/Rx antenna is one of the most critical components
in communication satellite systems.6,7
Nowadays, there are two methods to evaluate PIM, one of
which is the experimental measurement.8,9 First it uses power
series method to construct system function. Then it predicts
the coefﬁcients of high-order PIM products from the coefﬁ-
cients of low-order PIM products which have been measured
from the test system. In practice, however, there still exist some
tough tasks with this method, such as the requirements of low
PIM and high-sensitivity receiver to test system, and uncer-
tainty of PIM levels varying over time and subject to strictSAA & BUAA.Open access under CC BY-NC-ND license.
464 J. Jiang et al.environment conditions. Besides, one test system can just be
used for speciﬁc measure task so it could not be used for gen-
eral test purpose. The other method is the computer simula-
tion. Available electromagnetic analysis software based on
frequency domain analysis can only simulate single frequency
at a time. The material constitutive parameters (electrical con-
ductivity, magnetic permeability, and permittivity) are consid-
ered to be constant, so they can only deal with the linear
problem. The methods based on time domain analysis are fea-
sible to address the nonlinear problems.10 The time-domain
physical optics method has the advantages of high speed, less
memory requirements and high efﬁciency11, and time-domain
physical optics is helpful in dealing with electromagnetic scat-
tering from electrically large objects. The electromagnetic tran-
sient process in the time domain is clearer than that in the
frequency domain. Moreover, a time-domain simulation can
get a broad band result in a single run. Time-domain physical
optics has been applied to PIM simulation12,13, however the
method only considered the one-dimensional contact nonlin-
earity (nonlinear induced electric or magnetic currents ﬂow
only along one axis) rectangular model, and how the input
power, PIM order and the width of nonlinear area inﬂuence
PIM was not discussed.
PIM sources can be divided into two kinds, contact nonlin-
earity and material nonlinearity. Contact nonlinearity includes
imperfect metal-metal junctions and relative movement among
wire mesh. Taking a ﬂat panel reﬂector as an example, this pa-
per discusses PIM simulation problem considering the one-
dimensional and two-dimensional nonlinear contact areas.
Then the scattered integral equation is derived and the inﬂu-
ence of several factors on PIM is analyzed.2. PIM order and frequency
As we all know, diode can be used to realize the functions of
frequency multiplying and mixing in the wireless system be-
cause of its nonlinear characteristic between current I and volt-
age V. Since passive components in the system are not
perfectly linear (this always exists in the real world), the non-
linear I–V characteristic like diode will come out and result
in that these passive components become PIM sources.14
To analyze PIM generated in the system when dual or
multi-carriers pass through, power series is usually used as a
powerful tool to simulate nonlinear characteristic of passive
components. This is mainly because most nonlinear functions
can be expanded into polynomials using Tyler series. So any
nonlinear I–V characteristic can be represented as follows:
IðVÞ ¼
X1
k¼0
akV
k ð1Þ
where ak ¼ IðkÞð0Þk! .
Due to complex physical mechanism in PIM’s generation,
the precise I–V relationship is not easily determined, neither
do the coefﬁcients of Tyler series. However, some coefﬁcients
of low-order items in Tyler series can be calculated from the
measured data, and the coefﬁcients of high-order items will
be predicted from those of low-order ones.
Assuming that there are M carriers fiði ¼ 1; 2; . . . ;mÞ as in-
put passing through the nonlinear components, the spectra of
output signals will consist of new frequencies as follows:fPIM ¼
XM
i¼1
mifi ð2Þ
where mi is integers and
N ¼
XM
i¼1
jmij ð3Þ
is the order of PIMPs.
3. PIM analysis method
In this paper, we mainly use the time-domain physical optics
method to analyze PIM distortion. Time-domain physical
optics method is an expansion of frequency-domain physical
optics into time domain.11 Time-domain physical-optics is a
numerical technique which can be used to solve the transient
response of electromagnetic scatters.
The scattered ﬁeld can be calculated by the following inte-
gral formulation.
eðsÞðR0; tÞ ¼ 1
4pc
ZZ
Slit
 1jrj r^
@mpos ðR; sÞ
@t
 1 @j
po
st ðR; sÞ
@t
 
ds ð4Þ
jpost ðR; sÞ ¼ jpos ðR; sÞ  ðjpos ðR; sÞ  r^Þ  r^ ð5Þ
where c is the speed of light, 1 the characteristic impedance of
the medium, R the position vector in the scattering object, r^ the
unit vector from the target point to the observation point, r the
position vector from the target point to the observation point,
R0 the position vector of the observation point, and t the time;
s ¼ t jrj=c is the delay with which the ﬁeld arrives at the
observation point from the scatter object, and jpos ðR; sÞ and
mpos ðR; sÞ are the surface electric current density and magnetic
current density in time domain respectively.
If the observation point lies in the far ﬁeld, all the scattering
rays originating from the object can be approximated as paral-
lel to each other. So we have 1=jrj  1=jR0j, r  R0, and
jrj  jR0j  R^0  R, where R^0 is the unit vector in the scattering
direction. Then Eq. (6) can be simpliﬁed as
eðsÞðR0; tÞ ¼ 1
4pjR0jc

ZZ
Slit
R^0  @m
po
s ðR; s0Þ
@t
 1 @j
po
st ðR; s0Þ
@t
 
ds ð6Þ
where s0 ¼ t ðjR0j  R^0  RÞ=c  s .
The time-domain solution to the scattered ﬁeld can be ob-
tained from Eq. (4) or Eq. (6). Eq. (6) is used to calculate
the scattered far ﬁeld. Then it is necessary to take the fast Fou-
rier transform (FFT) of the scattered ﬁeld and PIM levels can
be observed from the spectrum characteristics of scattered
ﬁeld. Based on the Nyquist Theorem, in the process of FFT,
the FFT-based scanning frequency should be equal to or great-
er than twice the maximum frequency of the signal of interest.
The operation of window adding is performed for the sampling
data before FFT in order to reduce the spectrum leakage and
the side lobe interference of the sampled signals. The rectangle
window function is characterized by 13 dB maximum side-
lobe level and the estimation error of 36% for the maximum
amplitude; while Blackman window function is characterized
Fig. 1 Plate model with rectangular nonlinear region.
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1% for the maximum amplitude. Thus the latter is chosen in
present work.
Once the induced current is known, the scattered ﬁeld at
any ﬁxed point in space can be calculated through Eq. (4) or
Eq. (6). For PIM’s analysis case, traditional linear electromag-
netic formula cannot show nonlinear features of PIM problem.
In order to transform linear electromagnetic problem into non-
linear one, some nonlinear relationship should be added. This
work has been done by Refs.12,13. Two kinds of nonlinear
impedance relations were taken into account, one is rectifying
diode-like characteristic and the other is arctan characteristic,
which are
hx ¼ h0½expðey=eTÞ  1 ð7Þ
hx ¼ h0½arctanðey=eTÞ ð8Þ
where hx is the scattered magnetic ﬁeld in the x direction, ey the
scattered electric ﬁeld in the y direction, and h0 and eT are the
parameters determined by genetic algorithm.15
Based on the ﬁrst nonlinear impedance relation, the charac-
teristic impedance of the object’s surface can be calculated
from the relationship derived from the transmission line the-
ory16 by the following relation.
n e ¼ Zsðe; hÞn ðn hÞ ð9Þ
and
Zs ¼ ey=hxðeyÞ ð10Þ
or
Zs ¼ ex=hyðexÞ ð11Þ
where n is the unit vector normal to the surface at point R, Zs
the wave impedance.
Substituting Eq. (7), Eqs. (9)–(11) into the deﬁnition of
reﬂection coefﬁcient as follows:
C ¼ Zs  Z0
Zs þ Z0 ð12Þ
we get
Cy ¼ feT W½Z0  h0=eT  expðð2 eðiÞy þ Z0
 h0Þ=eTÞ þ eðiÞy þ Z0  h0g=eðiÞy ð13Þ
Cx ¼ feT W½Z0  h0=eT  expðð2 eðiÞx þ Z0
 h0Þ=eTÞ  eðiÞx þ Z0  h0g=eðiÞx ð14Þ
where Z0 is the impedance of free-space, Zs the impedance de-
ﬁned by Eq. (11), andWðxÞ a function which is the solution of
equation WðxÞexpðWðxÞÞ ¼ x.
Here we consider a plate model with nonlinear reﬂection
coefﬁcient region colored gray, as shown in Fig. 1. The in-
duced surface currents in gray region ﬂow along two orthogo-
nal axes and both directions obey the nonlinear relationship as
follows.
½ jpos xðx; y; tÞ ¼
½1  CxðeðiÞx ÞhðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð15Þ½ jpos yðx; y; tÞ ¼
½CyðeðiÞy Þ  1hðiÞx ðx; y; tÞ Lit region
0 Shadow region
(
ð16Þ
½mpos xðx; y; tÞ ¼
½1þ CyðeðiÞy ÞeðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð17Þ
½mpos yðx; y; tÞ ¼
½ð1þ CxðeðiÞx ÞÞeðiÞx ðx; y; tÞ Lit region
0 Shadow region
(
ð18Þ
We deﬁne this kind of situation as two-dimensional contact
nonlinearity.
To make the induced currents continuous at the contact re-
gion between linear and nonlinear areas on the plate, Gaussian
tapering function is introduced. Then substitute
WðxÞ ¼ expðð2x=cÞ2Þ and WðyÞ ¼ expðð2y=dÞ2Þ into Eqs.
(15)–(18), and we get
½ jpos xðx; y; tÞ ¼
½ð1þ CðeðiÞx ÞÞWðxÞ  2hðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð19Þ
½ jpos yðx; y; tÞ ¼
½2 ð1þ CðeðiÞy ÞÞWðyÞhðiÞx ðx; y; tÞ Lit region
0 Shadow region
(
ð20Þ
½mpos xðx; y; tÞ ¼
½ð1þ CðeðiÞy ÞÞWðyÞeðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð21Þ
½mpos yðx; y; tÞ ¼
½ð1þ CðeðiÞx ÞÞWðxÞeðiÞx ðx; y; tÞ Lit region
0 Shadow region
(
ð22Þ
In the case of multiple nonlinear regions, different Gaussian
functions are needed to ensure the continuity of the surface
electric and magnetic currents. For example, as shown in
Fig. 2, the nonlinear spacing along the Y direction is Ddy,
and then the Gaussian tapering function becomes
WðxÞ ¼ expððx=dxÞ2Þ ð23Þ
WðyÞ ¼ expðððyþ DdyÞ=dyÞ2Þ þ expððy=dyÞ2Þ
þ expðððy DdyÞ=dyÞ2Þ ð24Þ
Fig. 2 Model of multiple two-dimensional nonlinear regions.
Fig. 3 Model of rectangular plate composed of two materials.
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ﬂat panel consists of two small pieces made up of different
materials. The nonlinearity exists in their contact region. Thus
the ﬂat panel reﬂector can be considered as a three-part plate
with linear areas in both sides and a contact nonlinear area
in the middle. The impedance of nonlinear area is fully linear
along the X direction and fully nonlinear along the Y direction.
It is easy to get the reﬂection coefﬁcient in the X direction
Cx ¼ 1, and Gaussian tapering function is of no need any
more. Substituting them into Eqs. (19)–(22), the surface cur-
rents for one-dimensional contact nonlinearity are derived as
follows.Fig. 4 Plate model of one-dimensional nonlinearity in two
horizontal directions.½ jpos xðx; y; tÞ ¼
2hðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð25Þ
½ jpos yðx; y; tÞ ¼
½2 ð1þ CðeðiÞy ÞÞWðyÞhðiÞx ðx; y; tÞ Lit region
0 Shadow region
(
ð26Þ
½mpos xðx; y; tÞ ¼
½ð1þ CðeðiÞy ÞÞWðyÞeðiÞy ðx; y; tÞ Lit region
0 Shadow region
(
ð27Þ
½mpos yðx; y; tÞ ¼ 0 ð28Þ
In case of one-dimensional nonlinear regions in two differ-
ent directions, for example in X direction and Y direction, the
forementioned method can be used to analyze the contact non-
linear region separately. A local orthogonal reference system
(X’Y’Z0), as shown in Fig. 4, is deﬁned and the time-domain
scattered ﬁled in the nonlinear Region II can be calculated.
The obtained result in reference system (X0Y’Z’) is transformed
into the result in global coordinate system (XYZ), and then
added to the result of the nonlinear Region I, so as to obtain
the time domain result of total scattered ﬁeld in the global sys-
tem. Finally, PIM levels can be obtained via FFT.
4. Simulation and analysis of inﬂuence factors on PIM
The PIM caused by the contact nonlinearity is affected by sev-
eral factors, such as the nonlinear model, the number and the
width of nonlinear regions, the spacing between the nonlinear
regions, and the incident power level. Simulation and analysis
are done in the following to summarize the inﬂuence rules of
these factors.
The size of ﬂat panel reﬂector is 0:4 m 0:4 m with the
nonlinear impedance parameters h0 ¼ 106 A=m and
eT ¼ 25 mV=m. The observation point P (0, 0, 10) lies in the
far ﬁeld, that is R0 = 10 m. Two plane waves with equal
amplitude of 0.1 V/m impinge from the positive direction of
Z-axis. The frequencies of the two plane waves are
f1 = 3 GHz and f2 = 3.5 GHz respectively. The simulation
time is 0.171 ls with sampling interval 5 · 106 ls. For one
nonlinear region with one-dimensional nonlinearity, the planeFig. 5 PIM levels for one-dimensional nonlinearity with
d= 0.01 m.
Fig. 6 PIM levels for two-dimensional nonlinearity with
dx = dy = 0.01 m.
Fig. 7 PIM levels for one-dimensional nonlinearity in different
directions with d= 0.01 m.
Fig. 8 Model of one-dimensional nonlinearity with n= 3.
Fig. 9 Inﬂuence of different numbers of nonlinear regions on
PIM.
Fig. 10 Inﬂuence of different nonlinear spacing on PIM.
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and h ﬁeld parallel to the X-axis. In other situations, they
are circularly polarized. The spectrum within 10 GHz can be
obtained with the scanning frequency of 20 GHz. In the prac-
tical application, frequency band can be speciﬁed according to
requirements.
4.1. Inﬂuences of different nonlinear structures on PIM
(1) One nonlinear region with one-dimensional nonlinearity
For the ﬂat panel reﬂector composed of two materials, as
shown in Fig. 4, the contact nonlinearity is in the Y direction,
and d ¼ 0:01 m. The simulation result is shown in Fig. 5, in
which Ey is the scattering ﬁeld, and Ein the incident ﬁled. It
can be seen that the method to PIM estimation proposed in
this paper is effective for one nonlinear region with one-dimen-
sional nonlinearity.
(2) One nonlinear region with two-dimensional nonlinearity
The nonlinear model can be described as a panel with a
small nonlinear region in its center (see Fig. 2) and
dx ¼ dy ¼ 0:01m. The simulation result is shown in Fig. 6. It
can be seen that the method to PIM estimation proposed in
this paper is effective for one nonlinear region with two-dimen-
sional nonlinearity.(3) Nonlinear regions with one-dimensional nonlinearity in
different directions
Suppose one nonlinear region with one-dimensional nonlin-
earity exists in the X and Y directions respectively (see Fig. 4)
and d ¼ 0:01 m. The simulation result is shown in Fig. 7. It can
be seen that the method to PIM estimation proposed in this
paper is effective for nonlinear regions with one-dimensional
nonlinearity in different directions.
The above simulation results indicate that PIM levels differ
with the nonlinear models.
Fig. 11 Inﬂuence of different values for d on PIM.
Fig. 12 Inﬂuence of different incident power levels on PIM.
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The one-dimensional contact nonlinear model is adopted in
the following text to study the inﬂuence rules of the relative
factors on PIM.
(1) Different number of nonlinear regions with the same
nonlinear density
There are different numbers of contact nonlinear regions, n,
in the Y direction with the nonlinear spacing Dd ¼ 0:2 m; as
shown in Fig. 8. The simulation result in Fig. 9 indicates that
for the same nonlinear spacing, the contact nonlinearity and
the PIM levels increase with an increase in the number of the
nonlinear regions.
(2) Different nonlinear spacing with the same number of
nonlinear regions
Take n= 3 for example, that is, there are three nonlinear
regions in the Y direction with nonlinear spacings of 0.1 m,
0.2 m, 0.3 m, and 0.4 m separately. Simulation result is shown
in Fig. 10, which indicates that PIM levels grow as the nonlin-
ear spacing increases.
(3) Inﬂuence of parameter d in tapering function WðyÞ on
PIM
The tapering function used in this work is the Gaussian
function WðyÞ ¼ eðy=dÞ2 . Simulations are done with different
values of d, as shown in Fig. 11. It can be noted that the value
of parameter d has a great inﬂuence on PIM and PIM levels
grow with an increase in d, indicating the width of the nonlin-
ear region increases.(4) Inﬂuence of different incident power levels on PIM
For the incident powers of 20 dB, 14 dB, 10.46 dB,
and 7.96 dB, the simulation results are shown in Fig. 12. It
can be observed that the greater the incident power is, the
stronger nonlinearity it exhibits and the greater the PIM levels
are.
From the above simulation results, it is easy to ﬁnd out that
PIM differs with the contact nonlinear models. For the same
nonlinear model, it can be concluded that the nonlinearity
and PIM levels grow as the number of the nonlinear regions
increases with the same nonlinear spacing; PIM levels grow
with the increase of the nonlinear spacing; PIM levels get
greater when the input power grows; PIM levels are associated
with the form and parameters of the tapering function.
5. Conclusions
(1) The analysis and simulation method of PIM, which is
caused by the contact nonlinearity existing in reﬂectors,
are proposed based on time-domain physical optics
method. The scattered ﬁeld integral equations of the
one-dimensional and two-dimensional nonlinear contact
regions are derived by adding a corrective nonlinear sur-
face currents term to the time-domain physical optics
electromagnetic currents. Then PIM levels can be
obtained by taking FFT of the solved scattered ﬁeld.
(2) The inﬂuence rules of the relative factors on PIM are
summarized by simulations. The results indicate PIM
levels grow with the increase of the number of the non-
linear regions, the nonlinear spacing, and the incident
power levels.
(3) The generation mechanism of the PIM caused by the
contact nonlinearity will be developed in the future,
which can reveal the accurate nonlinear impedance
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